Moloney murine sarcoma virus (Mo-MuSV) was one of the most widely studied mammalian retroviruses because it had acquired the cellular sequence called mos Frankel & Fischinger, 1976) , one of the first oncogenes identified. But difficulties with the low level of expression of the viral mos (v-mos) protein and apparent lack of cellular mos (c-mos) expression have decreased interest in Mo-MuSV. However, a variant of Mo-MuSV derived by mutagenesis and biological selection, ts110, clearly produces higher levels of a v-mos protein.
(pol)
Unfortunately, p37 ..... mos is made in trace amounts in all cell lines studied thus far (Papkoffet al., 1982) . However, it is readily detected in acutely infected cells at about 2 or 3 days after infection. Such cells undergo a crisis manifested by morphological changes leading to cell death at 5 to 6 days after infection, p37 e~v-m°s is very difficult to detect in the cells which survive or in chronically infected transformed clones selected from infected cell populations.
ts110 Mo-MuSV
Unlike the prototype strains of Mo-MuSV which code for an env-mos protein that is difficult to detect, the ts110 strain of Mo-MuSV codes for a gag-mos hybrid protein easily detected in chronically infected cells (Fig. 1) . This variant was isolated by Blair et al. (1979) from a subclone of Mo-MuSV 124 called MuSV 349. MuSv 349 virions were treated with u.v. light and normal rat kidney (NRK) cells infected with the mutagenized virus were treated with a cytotoxic drug at 39 °C. Cells proliferating in agar, a property of transformed cells, were killed at 39 °C. The 6m2 cell clone was one of those selected which grew in agar at the permissive temperature of 34 °C but failed to grow at non-permissive temperatures of 39 or 40 °C. Several derivatives of 6m2 were also isolated by Blair et al. They included a spontaneous revertant which could grow in agar at either permissive or non-permissive temperatures. This clone was designated 54-5A4. In order to establish the viral nature of the temperature-sensitive (ts) defect, several ts cell clones were derived from 6m2 cells by superinfection with simian sarcoma-associated virus (SSAV) and reinfection of NRK cells with the ts110-containing virus preparation. Three cell clones of interest were isolated; two were ts for growth in agar (termed 204-2f6 and 204-2f8) and one a wild-type revertant which grew in agar under both permissive and non-permissive conditions (termed 204-3).
The 6m2 cell clone
During the past 4 years, the viral proteins and RNAs coded for by ts110 viruses have been characterized (Fig. 1) . Most of the studies were conducted with the 6m2 cell clone. It contains a single proviral DNA coding for a 4-0 kb RNA (Hamelin et al., 1985) . Northern blotting techniques as well as S1 nuclease analyses with various Mo-MuSV 124 cloned DNA probes have established that the cells produce the 4.0 kb RNA at both permissive and non-permissive temperatures. A second viral RNA of about 3.5 kb is only detected at permissive temperature Nash et al., 1984) . Because Blair et al. (1979) originally used temperatures of 33 to 34 °C for permissive conditions, it was assumed to be the optimum temperature for producing the 3.5 kb RNA. However, we have recently shown that 28 °C is the optimum temperature for this .
The gene organization of the 4-0 and 3-5 kb RNAs was determined by heteroduplex mapping of viral RNAs hybridized to Mo-MuSV 124 DNA (Junghans et al., 1982) . The 4-0 kb RNA contains a central deletion relative to Mo-MuSV 124 DNA of about 1-4 kb whereas the 3.5 kb RNA has a central deletion of about 1.9 kb. Precise measurements of these hybrids allowed an approximate determination of deletion points in both the viral RNAs. The 4.0 kb RNA was found to contain p 15, p 12 and about three-quarters of the p30 sequences fused to a point near the 5' end of the v-mos gene. The 3.5 kb RNA was estimated to contain much less of the p30 sequences, perhaps only a quarter of the gene, fused to the v-mos gene that is now believed to lack a short sequence from the 5' end of the v-mos sequence as discussed below.
The 6m2 cell clone produces two viral proteins (Fig. 1) . One is a truncated gag gene product of about 58 000 mol. wt. (P58 g~g) containing p 15, p 12 and part of p30 (Horn et al., 1980 (Horn et al., , 1981 based upon peptide mapping studies. It contains all but one of the tyrosine peptides found in p30, lacking, we believe, the most C-terminal tyrosine tryptic peptide. P58 gag is phosphorylated in infected cells (Horn et al., 1980) and in vitro by the serine kinase activity associated with the moscoded protein produced in 6m2 cells (Kloetzer et al., , 1984 .
P589~g is produced from the 4.0 kb viral genome (Junghans et al., 1982) . Our results have shown that the 4.0 kb RNA is not translated into a mos-containing protein within the cell. In fact, it appears to lack the first 17 nucleotides of the v-mos gene of the wild-type virus parent (including the first ATG from the env gene which is the initiator methionine used to produce p37 .... mos). This interpretation is drawn from S1 nuclease analyses (Nash et al., 1984) and from primer extension sequence studies (Nash et al., 1985) . In addition, we have proposed that the Cterminal end of the P58 g~g contains a short sequence that is coded by one of the alternative reading frames within v-mos. Primer extension sequencing of the 4 kb RNA has now established that P58 gag contains 14 C-terminal amino acids derived from an alternative v-mos reading frame (Nash et al., 1985) . Primer extension sequencing has also confirmed that relative to the wild-type Mo-MuSV RNA, the ts110 4.0 kb RNA has suffered a 1488 base deletion resulting in the fusion of wild-type gag gene nucleotide 2404 to wild-type mos gene nucleotide 3892 (Nash et al., 1985) , confirming our earlier interpretations from heteroduplex mapping studies (Junghans et al., 1982) .
Instead of being translated from the 4-0 kb RNA, the mos gene is produced by a novel mechanism that results in the formation of a second viral RNA, the 3.5 kb RNA described above, which is translated into a gag-mos protein of about 85000 mol. wt. (Junghans et al., 1982) . P85 g~g-m°s contains p15, p12 and about a quarter of p30 fused to a shortened form of the vmos gene. S1 nuclease analyses using Mo-MuSV 124 DNA probes (Nash et al., 1984) together with primer extension sequence analyses (Nash et al., 1985) have established that the 3.5 kb R NA lacks 61 bases from the 5' end of the env-mos sequence. Primer extension sequencing of the 3.5 kb RNA has indicated that gag nucleotide 2017 is fused to mos nucleotide 3936 (Nash et (Ruskin et al., 1984) containing the branch point nucleotide involved in intron lariat formation (Konarska et al., 1985) . Part of this sequence (GTTCCTA) would base-pair with the intron part of the splice donor site located at residues 2014 to 202l (Nash et al., 1984) ; (c) 3' splice acceptor consensus sequence; (d) in-frame exon-exon junction consensus sequence. The sequence data were taken from Nash et al. (1985) . (Fig. 2) . The presence of mos gene-coded sequences of P850ag-r~os has been demonstrated in several ways. First, by comparing tyrosine-containing tryptic peptides of p37 env-m°s to those of P85 gag-m°s (Horn et al., 1981) ; second, by cell-free translation studies on intact and fragmented ts110 RNAs ; and third, by specific immunoprecipitation with antisera made against mos peptides from near the N-terminal domain (residues 37 to 55) Gallick et al., 1985) and from the C-terminal end (residues 363 to 274) (Stanker et al., 1983a, b) .
Revertants of ts110 Mo-MuSV
The viral gene products of two revertants of ts110 have been characterized. A spontaneous revertant of the 6m2 cell clone, termed 54-5A4, contains a 4.0 kb RNA which codes for a P100g~g .... protein (Stanker et al., 1983a) . No other viral RNAs or viral proteins have been detected in 54-5A4 cells. What is of interest is that 54-5A4 cells lack P58 gag. Peptide mapping studies have shown that P100ga9 -m°s contains p15, p12 and more of p30 than P85g ag-m°s but less than P58 gag. The gag-mos junction in the 4.0 kb RNA of 54-5A4 cells is currently being characterized by primer extension sequence analysis (E. C. Murphy, Jr et al., unpublished) . The results suggest that it differs from the 4.0 kb RNA detected in 6m2 cells in that the viral RNA from 54-5A4 cells contains a short five-base deletion in the v-mos splice aceeptor sequence near the 5' end of the mos sequence which results in fusion of the gag sequence to the mos sequence such that a long open reading frame is formed which codes for P100 gag .... (E. C. Murphy, Jr, unpublished results). A second consequence of this deletion is that it occurred within a proposed splice acceptor site which is believed to be involved in producing the 3.5 kb RNA (discussed below). Thus, the deletion fuses gag to mos in frame and prevents the production of the 3.5 kb RNA (Fig. 1) .
The second revertant of ts110 was derived from 6m2 cells by superinfection with SSAV and reinfection of NRK cells with this pseudotype virus. A cell clone (204-3) was selected that grew in agar at 34 °C and 39 °C (Stanker et al., 1983a) . It is of interest that this second revertant of ts110 has also been found to produce P100 g~g .... from a 4.0 kb viral RNA. The molecular change in the 4.0 kb RNA of this species needs to be identified.
Characterization of ts defects The splicing defect
An analysis of the ts defects of ts110-infected 6m2 cells has begun. We have found that 6m2 ceils contain a ts defect that prevents the production of the 3.5 kb RNA at 39 °C (Nash et al., 1984 (Nash et al., , 1985 Hamelin et al., 1985) . A second ts defect results in the rapid turnover of P85 g~g-m°s at 39 °C whereas P58 gag is not affected. Thus, P85 gag-m°s is a heat-labile protein (Stanker et al., 1983c) . The defect that affects the production of the 3-5 kb RNA was studied first (Horn et al., 1981; Junghans et al., 1982) . Initially it was found that 6m2 ceils maintained at 39 °C failed to make P85 gag-m°s and that addition of low levels of actinomycin D prior to a shift to 33 °C prevented the onset of P85 g~g-~°s synthesis which is normally observed following such a shift. Thus new 3-5 kb RNA must be made after a shift to permissive conditions in order for P85 ga9 .... to be made (R. Hamelin & R. Arlinghaus, unpublished results).
We have proposed that the ts110-coded 4.0 kb RNA in 6m2 cells is spliced to produce the 3.5 kb RNA (Junghans et al., 1982; Nash et al., 1984; Anderson Hospital and Tumor Institute of Houston, Tx,, U.S.A.) provided strong support for the splicing model (Fig. 2) . Using S1 analyses and appropriate Mo-MuSV 124 DNA probes, the deletion points found in both the viral RNAs of 6m2 cells were determined. The results are consistent with a splicing model since the 1488 base deletion that produced the tsll0 4.0 kb RNA from the 5.3 kb Mo-MuSV 124 RNA maintained these consensus splice donor and acceptor sites 431 bases apart. Murphy and colleagues have since confirmed their presence in the 6m2 4.0 kb RNA and their exact junction in the 3.5 kb RNA by primer extension sequencing (Nash et al., 1985) (Fig. 2) . Studies are currently underway to provide direct evidence for the proposed splicing of the 4.0 kb RNA to the 3.5 kb RNA.
We have found that the ts defect in 3.5 kb RNA production was overcome in one case as a result of chronic infection of 6m2 cells with the IC clone of Mo-MuLV. Analyses have shown that in this cell line (206-2IC), the 3.5 kb RNA is formed at both permissive and non-permissive temperatures (Hamelin et al,, 1985) , Southern gel analysis revealed that 206-2IC cells contain a second proviral DNA that could produce a 3.5 kb RNA (Nash et al., 1985) . Thus, 6m2 cells contain one provirus coding for the 4.0 kb RNA whereas 206-2IC cells contain two proviruses, apparently one for each viral RNA. Furthermore, we have shown that acute infection of 6m2 cells with Mo-MuLV failed to overcome the proposed splicing defect after 15 days of infection. Therefore, MuLV infection per se is not sufficient to overcome the splicing defect (Hamelin et al., 1985) . Recently, we have shown that the splicing defect can be transferred from 6m2 cells to other cells by viral infection (R. Hamelin & R. B. Arlinghaus, unpublished results).
A ts serine protein kinase activity closely associated with the v-mos protein
The second defect of ts110-coded P85 ~ag-m°' affects its stability at 39 °C (Stanker et al., 1983 c) . This undoubtedly reflects a drastic change in conformation of the protein; such a change would surely inactivate any functional activity associated with the gag-mos protein. My laboratory began to search for the presence of a protein kinase activity in immunoprecipitates containing P85 gag-m°s. Using the protocol first described by Collett & Erikson (1978) , we searched for a protein kinase activity. The results were negative at first due to the high background of kinase activity in the reaction mixtures. A key finding helped remove these kinase activities. It was found that preparations of Staphylococcus aureus used to collect antigenantibody complexes were quite efficient in binding cellular kinases (Kloetzer & Arlinghaus, 1982) . This observation was used as a starting point to formulate an assay for the v-mos gene product protein kinase assay . Thus, clearing cytoplasmic extracts with formalin-fixed S. aureus reduced the background of cellular kinases. Using this crude assay, it was determined that immunoprecipitates containing P859ag-m's were able to catalyse the phosphorylation of P85 ga9 .... and P589a9 using [7-32p] ATP in a 7.5 mM-MnC12 solution. The immunoprecipitates were unable to label P589~9 from 6m2 cells maintained at 39 °C which contain P589~9 but lack P859ag-mos. Furthermore, the kinase was shown to be temperature-labile at 39 °C in test tube assays compared to a background kinase which was heat-stable in the test tube reaction. Surprisingly, the viral proteins were phosphorytated at serine and threonine residues; no phosphotyrosine was detected under conditions where phosphotyrosine was the major phosphoamino acid in P 120 g~9-~u~ immunoprecipitates. Improved conditions were sought to study the P859ag-m°s kinase activity. Addition of unlabelled ATP to a concentration of 5.0 la~ greatly increased the activity of the gag-mos kinase. Also, a kinase capable of phosphorylation of P100~ ~9-m°~ in immunoprecipitates from the revertant cell clone 54-5A4 cells was demonstrated (Kloetzer et at., 1984) .
Since we had previously shown that P85 gag-m°s was rapidly degraded at 39 °C, we reasoned that the serine kinase associated with P85 gag-m°s may become inactive shortly after exposure to 39 °C. Therefore, temperature shift experiments were done with ts110-infected 6m2 cells and with their wild-type revertant, the 54-5A4 cell clone. It was established that 6m2 cells began to exhibit morphological changes towards the normal phenotype within 2 h after the shift to 39 °C, whereas a drastic change to normal was observed at 4 h at 39 °C. The level of P85 oao-m°s showed no significant change within the 2 h time period and only a 50~ decrease at 4 h. The revertant cell line showed no changes in morphology, nor any changes in P1009ag-m°s with temperature.
The kinase activity associated with P859ag-mo~ lost 60~ of its activity in 5 min after shifting of cells to 39 °C and 95~o with 30 min whereas the P1009ag-m°~ kinase was heat-stable. Thus, the heat-labile P85 gag-m°s protein has a heat-labile kinase activity associated with it whereas the heat-stable P100 gag-m°~ has a heat-stable kinase activity. Two conclusions can be drawn from this experiment. First, the kinase associated with P85 g~g-m°~ has the same temperature-sensitive biological properties as P85 gag-m°s. Furthermore, the kinase becomes heat-stable in the revertant. Secondly, the kinase activity is inactivated within minutes after shift-up, which is long before changes in morphology of the cells are observed, indicating that the serine kinase may have Some relationship of a causal nature to the transformed state.
A number of experiments were done to determine whether the kinase activity could be separated from P85 gag .... (Kloetzer et al., 1984) . The kinase was not removed by high salt buffers, by high salt in detergents or by washing with SDS-containing buffers. Thus, the serine kinase activity associated with P85 gag-m°~ is not merely a loosely bound contaminating cellular enzyme. Cells maintained for 5 days in the absence of serum with daily medium changes showed increased amounts of P85gag -m°~ kinase activity, indicating that it is not a serum contaminant (S. Maxwell & R. Arlinghaus, unpublished results). The P859"g-~o~ kinase is not a gag gene productassociated kinase, since anti-gag immunoprecipitates lacking a gag-mos protein have no detectable kinase activity (Kloetzer et al., 1984) .
All of our results to date provide strong evidence for the interpretation that the v-mos sequences within gag-mos proteins are responsible for the serine protein kinase activity. We propose that the v-mos gene products contain a serine kinase activity as an intrinsic property.
Recently, we have raised an anti-peptide serum against a cyclic v-mos peptide consisting of residues 37 to 55 based upon the sequence of Van Beveren et al. Gallick et al., 1985) . This serum immunoprecipitates gag-mos and env-mos proteins. Such immunoprecipitates also allow the autophosphorylation of the respective proteins in our kinase assay . The characteristics of the env-mos kinase are similar to that of the gag-mos kinase in that it can phosphorylate itself and other proteins at serine residues. Studies are underway to purify and to completely characterize the v-mos protein kinase.
A cellular target for the v-mos product has been identified. This protein has a mol. wt. of about 58000 (P55) and is located in the nucleus of uninfected cells. Efforts to identify P55 are in progress. At this point it can be said that P55 turnover is increased by a v-mos function within infected cells. P55 can be shown to be phosphorylated in vitro by the v-mos-associated kinase (B. Singh, S. Maxwell & R. Arlinghaus, unpublished results).
Concluding remarks
The ts110 Mo-MuSV gag-mos system has been very useful from a number of standpoints. First, it provides a workable biochemical system for the detailed investigation of the transcription, translation and function of a v-mos-containing protein. Second, it provides a useful mutant that allows both the turn-on and turn-off of the v-mos protein in a fast and reversible manner. And third, it provides a temperature-sensitive mutant system to study the splicing (or at worst the transcriptional control) of a viral genomic RNA.
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